Abstract. Ionic liquids (ILs) have several properties that offer many advantages in dermal drug delivery systems. Depending on the chemical structure, ILs can be used for protection against microorganisms, to enhance skin penetration, and as a solvent. In the present work, SEPINEO™ P 600 formulations and hydroxyethylcellulose gels containing the hydrophilic ILs hexylpyridinium chloride, choline dihydrogen phosphate, and 1-ethyl-3-methylimidazolium ethyl sulfate were prepared, and the influence of the ILs on the formulation properties was evaluated. ILs were successfully incorporated into the emulsion structure, resulting in stable formulations. The antimicrobial activity of the ILs was estimated. The minimal inhibitory concentration values for hexylpyridinium chloride are about 2.5 mg/mL. The other two ILs have no antimicrobial activity. Skin penetration enhancement of caffeine, a hydrophilic model substance, was observed in the presence of hexylpyridinium chloride.
INTRODUCTION
Controlled drug delivery through the skin is an alternative method of application for drugs that otherwise undergo quick metabolism and degradation in the gastrointestinal tract or liver after peroral administration or when local treatment of dermal and sub-dermal diseases is desired. The outermost skin layer, the stratum corneum, determines the barrier properties of the skin and prevents sufficient penetration of most drugs (1) . Chemical skin permeation enhancers increase the transport across the barrier by partial solubilization or extraction of the skin lipids and by creating hydrophilic pores within the stratum corneum (2) . However, permeation enhancers are often irritating and not well-tolerated (3) . Aside from penetration enhancers, topical drug delivery systems contain several other potentially irritating ingredients including preservatives (4) and solvents. In this regard, it is of interest to identify new excipients that can replace potentially irritating compounds in dermal drug formulations.
Ionic liquids (ILs) are organic salts that are in liquid form at temperatures less than 100°C. They often replace conventional organic solvents because they have negligible vapor pressure, good chemical and thermal stability, high ionic conductivity, and the ability to dissolve both organic and inorganic materials (5) . As designer solvents, ILs can be synthesized for particular applications or with specific chemical and physical properties simply by changing the anion/ cation combination (6, 7) . Research on ILs in pharmaceutical applications has been of great interest in recent years. Ionic liquids are particularly useful for the solubilization of poorly soluble drugs (8) . ILs can also be used to synthesize active pharmaceutical ingredients (APIs) with modified properties with regard to the starting materials (9) (10) (11) . Furthermore, many ILs exhibit antimicrobial activity (12, 13) , making them useful as APIs or formulation preservatives. Thus, ILs have several potential applications as additives in dermal formulations. However, only a few studies have been published regarding the use of ILs in pharmaceutical or cosmetic applications so far. ILs were used mostly in microemulsions (14) as oil substitutes, water substitutes, additives, or surfactants (15) (16) (17) . Multiple emulsions containing ILs as a hydrophobic phase have also been reported (18) . While hydrophilic ILs can be used to proportionally replace the water phase, hydrophobic ILs prefer to form an independent phase within the emulsion (19) .
The aim of this study was to evaluate the functionality of different commercially available hydrophilic ionic liquids in dermal formulations. For this purpose, dermal drug delivery systems containing ILs were prepared and the influences of ILs on drug penetration and antimicrobial properties were studied. Furthermore, the effect of ILs on formulation properties was also investigated.
MATERIALS AND METHODS

Materials
The oils used to prepare the delivery systems were ethylhexyl isononanoate (Cognis, Germany), medium-chain triglycerides (Caelo, Germany), and paraffin oil (Fagron, Germany). Cetostearyl alcohol (Evonic, Germany) was another emulsion component in the oil phase. The water phase contained glycerol (Fagron, Germany). Acrylamide/sodium acryloyldimethyl taurate copolymer/isohexadecane/polysorbate 80 (SEPINEO™ P 600) (Seppic, France) was used as an emulsifying and gelling agent in SEPINEO™ P 600 formulations. Hydroxyethylcellulose (Natrosol 250 HX) was purchased from Caelo.
Natrium chloride, orthophosphoric acid 85%, sodium dihydrogen phosphate monohydrate, Mueller Hinton agar, Caso broth, potassium chloride, disodium hydrogen phosphate, and potassium dihydrogen phosphate were purchased from Carl Roth (Germany). Acetonitrile was obtained from VWR (Germany). Mueller Hinton broth was purchased from Fluka (Germany). Caffeine, 4-hydroxybenzoic acid propyl ester, and testosterone were purchased from Caelo (Germany). Igepal was supplied by Sigma-Aldrich (Germany).
The Fig. 1 .
Preparation of the Drug Delivery Systems
Two different gels containing SEPINEO™ P 600, three emulsion-gels containing SEPINEO™ P 600, as well as one hydroxyethylcellulose (HEC) gel were prepared (n=3). The IL concentrations in all formulations were 0, 1, and 5%. The composition of tested formulations is presented in Table I. SEPINEO™ P 600 gels were prepared by mixing all components at 70°C, followed by homogenization using a rotor/stator homogenizer (Diax 600, Heidolph Germany) for 1 min at 11,600 rpm. In the case of the SEPINEO™ P 600 emulsions, the water phase and the oil phase were heated separately to 70°C, and the two phases were mixed before homogenization under the same conditions. HEC gels were prepared by mixing 2% of HEC in water containing dissolved ILs.
The formulation G2 was used for ex vivo skin permeation and drug uptake studies. As model drugs, the lipophilic testosterone and the hydrophilic caffeine were used. The concentrations of caffeine and testosterone in the formulation were 1 mg/mL and 200 μg/mL, respectively. Drugs were dissolved in the water phase by stirring.
Characterization of the Drug Delivery Systems
Oil droplet size and size distribution in oil/water (o/w) emulsions were determined using a laser diffraction particle size analyzer (Mastersizer S, Malvern Instruments, UK). The fundamental size distribution obtained with this technique was based on the volume distribution. The particle size distribution was calculated according to the Mie theory. Rheological analysis of all formulations was performed at 25°C using a RheoStress 300 Rheometer (Thermo Haake) with a 2-cmdiameter cone and a plate geometry measuring system with a 2°angle. The apparent viscosity was measured over a shear rate of 0.1-100 s −1 . The pH of the formulations was determined using a portable Mettler Toledo system with a glass InLab Viscous pH electrode. All results are presented as mean values and standard deviations of three independent experiments.
Surface Tension and Conductivity Measurements of the Water Solution
Surface tension measurements of water containing ILs were made at 20°C using the du Noüy ring method and a TD1-M tensiometer (Lauda, Germany). The conductivity of water containing ILs was measured at 20°C using a WTW Microprocessor Conductivity Meter LF 96 with a Tetracon 325 electrode (WTW, Germany).
Determination of the Antimicrobial and Antifungal Activities
Antibacterial and antifungal activities of the ILs were evaluated through determination of the minimal inhibitory concentrations (MIC) using the microdilution method in a 96-well microplate. IL-containing tubes were inoculated with a standardized bacterial suspension of 1-5×10 5 CFU/mL in Mueller Hinton broth medium. The reference strains used were Staphylococcus gallinarum, Escherichia coli, and Kluyveromyces marxianus. Dilution series of the ionic liquids were prepared from 50 to 0.009 mg/mL in sterile distilled water. Positive (containing parabene as preservatives) and negative (no treatment) growth controls were included in each assay. After incubation for 24 h at 37°C, the lowest concentration free from turbidity was set as the MIC. The turbidity was determined using a microplate absorbance reader (Sunrise Plate reader, Tecan) at 600 nm. 
Skin Irritation and Corrosion Tests
The skin irritation and skin corrosion studies were conducted in accordance with OECD Guideline for the Testing of Chemicals (20, 21) . The test IL remained undiluted and was applied topically to a human reconstructed epidermis model (EpiDerm™). After specified exposure periods, the cell viability was determined using the MTT cell viability test.
Ex Vivo Skin Permeation and Drug Uptake Studies
Skin penetration assays were performed ex vivo using the Franz diffusion cell setup (22) . As model drugs, lipophilic testosterone (LogP=3.47) and hydrophilic caffeine (LogP=−0.013) were used. Porcine skin was chosen due to its similarity to human skin in terms of its morphology and permeability characteristics (23) and due to its availability. Porcine ears were washed by rinsing with mildly warm water and were wiped with paper towels; the bristles were carefully shortened by trimming. Full-thickness porcine skin was stored at −20°C (up to 6 months) and thawed prior to use. On the day of experiment, the prepared skin samples were mounted in the Franz diffusion cell with PBS pH=7.4 (or PBS containing 0.5% Igepal, Sigma-Aldrich, for penetration of testosterone) as the acceptor fluid (tempered at 32.5°C) and the cells were equilibrated for 30 min. The skin diffusion area was 1.76 cm 2 . These experimental conditions have been previously verified (24) .
Then, the 500 μL (infinite dose) of the investigated formulations (SEPINEO™ gel 2) was evenly applied onto the skin surface for 24 h. At the end of the experiment, any remaining formulation was removed by a wash-off procedure.
The skin samples, acceptor fluid, and supernatant were analyzed by HPLC.
HPLC Analysis
HPLC analysis was performed on a VWR-HITACHI chromatographic system (Germany) consisting of an L2130 pump equipped with an L2200 autosampler and column heater set and a L2455 photodiode array detector. A RP-C18 LiChrospher 100 5-μm column was used. EZChrome EliteClient software version 3.1.7 was used for peak integration. The equipment was operated at 40°C. The methods for HPLC analysis of caffeine and testosterone have been described in detail elsewhere (24) .
RESULTS
Surface Tension and Conductivity Measurements
The behavior of ionic liquids in aqueous media was determined by surface tension and conductivity measurements. Using these methods, the degree of dissociation, the surface activity, and the micelle formation concentration of ILs can be detected. Figure 2 shows the surface tension and conductivity as a function of the IL concentration. The concentrations correspond to the concentrations used in tested formulations (up to 5 wt%).
With increasing IL concentration, a linear increase in conductivity was observed for all ILs. The strongest increase was observed for [HPyr] [Cl] . If an abrupt change of slopes is observed, the corresponding value can be derived for the critical aggregate concentration (CAC) (25) . This behavior was not observed for tested ILs (Fig. 2a) . The surface tension of the [HPyr] [Cl] solution decreased more with increasing IL c o n c e n t r a t i o n , w h e n c o m p a r e d t o [ C D H P ] a n d [EMIM] [EtSO4]. However, a minimum surface tension, which indicates the CAC, was not found. A change in surface tension was not detected for [CDHP] and [EMIM] [EtSO4] at the concentrations analyzed.
Formulation Characterization
Two different gels and three gel-emulsions containing SEPINEO™ P 600 were produced. The viscosity and pH value of SEPINEO™ P 600 formulations were measured one day after preparation (Fig. 3) . Lipophilic phase Cetostearyl alcohol -- The viscosity of the formulations without ILs is dependent on their composition. The formulations without oil phase (G1 and G2) are defined as gels. Increase in viscosity of G2 compared to G1 is connected with the addition of a thickening agent, cetylstearyl alcohol, which leads to a creation of a liquid crystalline phase (26) . Addition of the oil phase in formulation E (E1-E3) leads mostly to an increase in viscosity of up tõ 6 Pa s. In this case, a gel-emulsion texture is obtained. The viscosity of the gel-emulsions E1-E3 depends on the used oil. Emollients, such as ethylhexyl isononanoate, generated emulsions with a lower viscosity (3.10±0.02 Pa s) than paraffin (5.72 ±0.02) and medium-chain triglycerides (6.28±0.07). The pH values of all formulations without ILs, independent of composition, indicate that they are slightly acidic (pH≈5.5) (data for G1 are presented in Fig. 3b ). The droplet sizes (D (0,5)) of gel-emulsion formulations were 3.0±0.3, 4.8±0.4, and 3.5 ±0.3 μm, respectively.
The addition of the hydrophilic ILs resulted in a strong decrease of viscosity, which is concentration-dependent and almost independent of the used IL. The strongest decrease of viscosity is observed for the G1 formulation, while the gelemulsions (E1-E3) remain viscous. The pH value of all formulations also is IL-concentration-dependent. In contrast to viscosity, pH value also depends strongly on the used IL.
[CDHP] slightly decreased the pH of all formulations (down to pH≈5), as compared to the formulation without IL (Fig. 3b) 
A second type of dermal formulation, a HEC gel, was prepared. The formulations without ILs had a viscosity of about 2 Pa s and pH values of about 6.5. The addition of ILs resulted in a decrease of pH values similar to that of the SEPINEO™ P 600 formulations. In contrast to SEPINEO™ P 600 gels, ILs did not influenced the viscosity of HEC gels.
All observed formulations were stable over the time of storage (3 months, data not shown), i.e., no phase separation and no significant changes in viscosity, droplet size, or pH values were observed.
Determination of Antimicrobial Activity
Gram-positive bacteria (S. gallinarum), gram-negative bacteria (E. coli), and one strain of fungi (K. marxianus) were used to assess the antimicrobial activity of the ILs. The results of the turbidity measurements are presented in Fig. 4 .
A substantial decrease in turbidity correlating to the inhibition of microorganism growth (survival) was ob- 
Solubility Determination
The solubility of 4-hydroxybenzoic acid propyl ester and testosterone in various ILs, as well as in water solutions of hydrophilic ILs, is shown in Table II 
Skin Irritation and Skin Corrosion Tests
The most toxic IL ([HPyr][Cl]) (27-29) was tested with regard to its irritation and corrosion potential. It could be shown that undiluted [HPyr] [Cl] is irritative, but not corrosive. For both tests, cell viability of the skin tissue was evaluated using an MTT test. In the skin corrosion test, after 3 min of treatment with [HPyr] [Cl], the relative absorbance values were reduced to 91.4%. This value is well above the threshold for corrosion potential (50%). After 1 h of treatment, the relative absorbance values were reduced to 69.6%. This value is also well above the corrosion potential (15%).
Regarding the skin irritation test, treatment with [HPyr] [Cl] resulted in a reduction of the relative absorbance values to 15.7%. This value is well below the threshold for irritation potential (50%). As a positive control for this experiment, a 5% solution of SDS (sodium dodecyl sulfate) was used. It is an anionic surfactant used in many cleaning and hygiene products (in concentrations above 5%). The irritation potential, expressed as cell viability, was lower for undiluted [HPyr] [Cl] (cell viability 15.7%) than for a 5% solution of SDS (cell viability 2%). Therefore, it can be supposed that [HPyr] [Cl] is significantly less irritating than commonly used ionic surfactants.
Ex Vivo Skin Permeation and Drug Uptake Studies
The skin penetration and permeation (24 h) of caffeine and testosterone were performed with the gel formulation G2 containing 5% [HPyr] [Cl] and were compared to the same formulation without IL (Table III) . Caffeine uptake from the gel formulation G2 containing [HPyr] [Cl] was twofold higher after a 24-h period, compared to the formulation without [HPyr] [Cl] . No testosterone was detected in the acceptor medium under this condition.
DISCUSSION
The used ILs were selected due to their good water solubility (above 5 wt%), low to moderate toxicity (28, 29) , and relatively low irritation potential. Furthermore, the ILs can be used as solvents for pharmaceutical components (30) and choline salts can be useful for stabilization of protein-based APIs in the formulation (31 Formulations that included SEPINEO™ P 600 resulted in high-viscosity gels or emulsion-gels. Addition of cetylstearyl alcohol as an additional thickener led to a slight increase in viscosity, in comparison to the formulation without cetylstearyl alcohol, due to the formation of a liquid crystalline phase (32) . A further increase in viscosity was observed after adding mediumchain triglycerides or paraffin oil as an oil phase. SEPINEO™ P 600, which is used in the present study, has self-gelling and thickening properties and the ability to emulsify an oil phase. In gels, the system rheology is dependent upon the SEPINEO™ P 600 concentration. In the emulsion-gel containing an oil phase, the rheological characteristic is affected by additional interactions between oil droplets and the gel matrix (33) . Oil droplets increase the SEPINEO™ P 600 concentration in the water phase of the emulsion, and the latter strengthens the gel network, resulting in higher viscosity values. The chemical characteristics of oils used, particularly the viscosity, spreadability, and polarity of the oil, as well as its compatibility with other emulsion ingredients, influence the structure of the formulation, resulting in different rheological parameters (34) . However, due to the complex interactions, no exact correlation between oil properties and the viscosity of the emulsion could be derived.
The addition of ILs strongly influences the viscosity of the SEPINEO™ P 600 formulations. It is known that the surface activity and the ionic character of the components dissolved in the water phase have an important influence on the parameters of the formulation. ILs investigated in this paper exhibited characteristics of short-chain surface-active substances. indicates that these ILs will preferably not act as surfactants and will not create aggregates. The observed decrease of viscosity of the SEPINEO™ P 600 formulations is independent of the IL used. Therefore, the connection between the surface activity and the viscosity is not fully explained. For the presented formulations, it is likely that the ionic character of the ILs is responsible for the observed alteration of the viscosity. Cationic surfactants and other cationic ingredients can also interact with gelling agents such as polyacrylic acid. They are absorbed into the gel, which leads to gel shrinkage and results in fall in viscosity (35) . Nevertheless, despite the reduced viscosity, all samples remained stable over time.
In contrast to SEPINEO™ P 600 formulations, a decrease in viscosity in the presence of ILs was not observed for HEC gels. However, it is known that the properties (especially viscosity) of the HEC systems can be improved by adding small amounts of surfactants or ionic substances. The primary attractive forces between HEC and the added species are hydrophobic interactions. Furthermore, the presence of oppositely charged species enhances the interaction (36) . In the present work, hydrophobically unmodified nonionic HEC was used. The interaction between the polymer and ionic substances is thus weak. Therefore, no significant alternation of the viscosity was expected.
The differences in the pH values of SEPINEO™ P 600 and HEC formulations in the presence of ILs are connected with their chemical character. The majority of ions used in the formulation of ionic liquids can be considered in terms of the Lewis/ Brønsted definition of acids and bases. The resulting character of the IL is thus directly connected to the character of both ions. The pH of ILs can also be influenced significantly by small amounts of impurities (37) . Typical impurities are organic starting materials, halide, protic impurities, and other ionic impurities from incomplete metathesis reactions. Due to the slight acidic or neutral character of the ions used in this experiment, the substantial decrease in pH is most likely a result of impurities.
The ILs as additives in dermal formulations can have different functions. These include antimicrobial activity and the enhancement of skin penetration of the active ingredients. The antimicrobial activity of ILs is primarily dependent upon the length of the alkyl chain of the cation. The most active compared to common preservatives is its water solubility (Table IV) . Important factors affecting the activity of preservatives in o/w emulsions are those controlling the availability of the preservative in the aqueous phase and, in particular, the o/w partition coefficient of the preservative. Poorly soluble preservatives, such as p-hydroxybenzoic acid esters, diffuse predominantly in the oil phase where they are not active against microorganisms. Therefore, in systems with oil phases, higher concentrations of preservatives are necessary. In contrast, water-soluble substances do not require an excess dosage for sufficient preservation. The solubility of drugs in ILs is strongly dependent on the specific IL, in that the structure of cations as well as anions is of importance. The good solvent properties of ILs containing imidazolium-or pyridinium-based cations with regard to drugs containing aromatic rings are already shown in the literature (42) . In this case, hydrogen bonds, van der Waal's forces, and π-π interactions between aromatic rings are likely involved in drug-solvent interactions (43) . Solubility in a [HPyr] [Cl] solution is found to be greater than in [EMIM] [EtSO4], which is connected to alkyl chain length. Due to increasing hydrophobic character, the longer the alkyl chain, the greater is the solvency for the hydrophobic drugs (42) . Good solvent properties were also found in the mixtures of water and ILs, which indicated a persistent solvent-drug interaction. In the water-CDHP solution, the solubility of tested drugs was even lower than in pure water. This was probably due to the strong hydrophilic and polar character of CDHP.
Penetration enhancers may be incorporated into formulations in order to improve drug flux through different membranes, including the skin membrane. Diffusion through skin is controlled by the outermost layer, the stratum corneum (SC), and can be regarded as diffusion through a passive membrane. A penetration enhancer may act as follows: increase the diffusion coefficient of the drug through the stratum corneum, increase the effective concentration of the drug in the vehicle (for example, acting as an anti-solvent), or improve partitioning between the formulation and the stratum corneum (by altering the solvent nature of the skin membrane to improve partitioning into the tissue) (44) . The positive effect of ILs on penetration is related to their ionic character and their property to act as cationic surfactants. Ionic surfactants can penetrate the stratum corneum membrane and, by extracting the lipids from the SC, disrupt the lipid bilayer packing within the tissue (44) . As a result, other substances can more easily penetrate the skin; however, the penetration enhancement is still dependent upon the chemical character of the drug substance. A hydrophilic substance cannot penetrate the skin easily, because it cannot 
CONCLUSION
The results obtained in this experimental series highlight the suitability of ILs as ingredients of dermal formulations. However, due to their ionic character, potential incompatibilities of ILs with formulation ingredients must be evaluated. The conductivity and surface activity of several hydrophilic ionic liquids in a water solution were determined. Based on the data, SEPINEO™ P 600 gels and emulsion-gels as well as HEC gels were produced. All ILs evaluated disturbed the gel structure of SEPINEO™ P 600 gels, resulting in a decrease in viscosity. They are absorbed similar to cationic surfactants into the gel, leading to gel shrinkage and fall in viscosity. However, long-term stability of the formulations was not affected. All emulsion parameters remained unchanged during storage. In contrast, the viscosity of the HEC gels was not affected by the addition of the ILs.
Depending on the chemical structure of an IL, it can provide one or more functions of conventional excipients. These include protection against microorganisms, penetration enhancement, and solvent function. The antimicrobial activity of ILs is strongly dependent on their chemical structure. 
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